Two genes of the Pax III subfamily, Hau-Pax3/7A and -Pax3/7B, were identified from the leech Helobdella, and the expression and function of Hau-Pax3/7A in development are described. Leech embryos undergo spiral cleavage, then produce a set of teloblastic stem cells that generate segmented mesoderm and ectoderm. Hau-Pax3/7A is present as a maternal transcript in both ectodermal and mesodermal progenitors, but this pool of early RNA disappears and is replaced by a pattern of zygotic transcription restricted to the blast cell progeny of the mesodermal M teloblasts. Each mesodermal blast cell clone goes through multiple phases of Hau-Pax3/7A expression, the last of which is associated with the organogenesis of the nephridia and other segment-specific structures. Morpholino-mediated knockdown of Hau-Pax3/7A expression causes the mesodermal blast cell clones to undergo irregular patterns of morphogenesis that disrupt the segmental organization of the germinal plate, and interferes with both the specification and morphological differentiation of the mesodermal nephridia. Knockdown of Hau-Pax3/7A in the mesoderm can also lead to abnormalities in the formation of the dorsal cavities, possibly through indirect effects of this germ layer on neighboring tissues. This is the first report of broad mesodermal Pax III expression outside of chordates, and raises the possibility that such expression may be a primitive trait inherited from the last common ancestor of the bilaterian superphyla.
Introduction
The spiralians are a group of bilaterian animals that includes annelids, molluscs, and several other taxa from the superphylum Lophotrochozoa (Passamaneck and Halanych, 2006) . Spiralians are named for a highly conserved pattern of embryonic cell divisions in which the sixth cleavage gives rise to a dorsal blastomere, the 4d mesentoblast, that generates the preponderance of adult mesoderm (van den Biggelaar et al., 1997; Boyer et al., 1998; Henry and Martindale, 1998) . There is a wealth of embryological data on the specification events that lead to mesentoblast formation (Freeman and Lundelius, 1992; Lambert and Nagy, 2003) , but little is known at the molecular level about the differentiation of its mesodermal descendants. We here describe a Pax gene from the leech Helobdella that is prominently expressed in the descendants of the mesentoblast, and important for the morphogenesis and differentiation of the mesodermal germ layer.
The mesentoblast of leech embryos is designated as cell DM″ (Bissen and Weisblat, 1989) . This blastomere cleaves symmetrically to produce a pair of large embryonic stem cells, the M teloblasts, that generate the right and left mesoderm respectively throughout the body's length (Zackson, 1982; Weisblat and Shankland, 1985) . The teloblasts undergo a series of highly asymmetric stem cell divisions, producing linear columns of primary m blast cell daughters (Fig. 1A) . Each m blast cell will serve as a hemisegmental founder cell of the mesoderm, and the order of blast cell birth predicts the anteroposterior (AP) position of blast cell clones in the mature leech (Fig. 1B) . In contrast to the majority of spiralians, the ectoderm of the leech is also produced by large, teloblastic stem Developmental Biology 306 (2007) 824 -837 www.elsevier.com/locate/ydbio cells that divide in a manner overtly similar to the M teloblast (Weisblat and Shankland, 1985) . The M teloblast lineage merges with the four ipsilateral ectodermal teloblast lineages to form a bilayered germinal band. Merger begins with the anteriormost -i.e., firstborn -blast cells, and moves posteriorly as successively younger blast cells are incorporated into the band (Fig. 1) . The time-course of blast cell maturation can be reconstructed within a given teloblast lineage from the posterior-to-anterior sequence of blast cell clones (Zackson, 1982 (Zackson, , 1984 . During gastrulation, the elongating germinal bands slide over the surface of the embryo until they meet along the future ventral midline to form a germinal plate (Fig. 1) . The plate undergoes organogenesis to produce the tissues of the adult leech, and is subdivided into four domains: an unsegmented head domain or prostomium; four rostral segments (R1-4); twenty-one midbody segments (M1-21); and seven caudal segments (C1-7).
Experimental studies suggest that the mesodermal fate of the M teloblasts is specified by factors already present in the uncleaved zygote (Nelson and Weisblat, 1992) . However, the molecular basis of mesoderm development is unclear, since the only described gene products that are expressed in the teloblasts and/or primary blast cells of the leech embryo are distributed in all five lineages (Goldstein et al., 2001; Song et al., 2002 Song et al., , 2004 Rivera et al., 2005) . Mesoderm-specific gene expression has been reported in certain other spiralian embryos (Yang and Collier, 1993; Hinman and Degnan, 2002) , but Pax genes have not been implicated to date.
The Pax genes encode a family of transcription factors that is conserved across metazoan animals (Miller et al., 2000; Matus et al., 2007) . The ancestral Pax gene is thought to have had at least two separate DNA-binding motifs: an upstream paired domain and a downstream homeodomain. However, part or all of the homeodomain has been deleted in certain subfamilies (Balczarek et al., 1997) , and partial deletions of the paired domain have also occurred (Hobert and Ruvkun, 1999) . In bilaterian animals, Pax genes are generally subdivided into four or five major groups on the basis of sequence similarity and domain organization, and we will here refer to Pax Groups I-IV as defined by Balczarek et al. (1997) . The bilaterian Pax III genes -also known as Pax3/7 -show a close affinity to the PaxD genes of anthozoans, suggesting that this subfamily diverged from Pax Groups I, II, and IV prior to the separation of Bilateria and Cnidaria (Matus et al., 2007) .
In bilaterian animals, Pax III genes have been extensively studied in arthropods (superphylum Ecdysozoa) and chordates (superphylum Deuterostomia), but not the superphylum Lophotrochozoa. During Drosophila development, the Pax III genes paired (prd) and gooseberry (gb) initially function in the segmentation of the germ band, and later become involved with paralog gooseberry-neuro in various aspects of neurogenesis (Noll, 1993) . This dual role in segmentation and neurogenesis is widespread among the arthropods, including short germ band insects, myriapods, crustaceans, and chelicerates (Davis et al., 2001 (Davis et al., , 2005 Dearden et al., 2002; Schoppmeier and Damen, 2005) . Mesodermal expression of Pax III genes has been reported in arthropods, but is a minor component of the expression pattern (Gutjahr et al., 1993; Davis et al., 2005) .
The Pax III genes of vertebrate chordates are Pax3 and Pax7. These two genes are involved in neural patterning, e.g., the specification of neural crest (Goulding et al., 1991; Mansouri et al., 1996) , and orthologs in other chordates are likewise expressed in the dorsal neuroectoderm (Wada et al., 1997; Holland et al., 1999) . In addition, Pax3 and Pax7 are widely expressed in the somites of vertebrate embryos, where they play distinct roles in muscle development (Goulding et al., 1994; Oustanina et al., 2004) . The AmphiPax3/7 gene of cephalochordates is also expressed in somitic mesoderm (Holland et al., 1999) , but orthologs in urochordates do not arises from a bilateral pair of M teloblasts. Each teloblast undergoes repeated stem cell divisions to produce a linear column of primary m blast cell daughters, which divide to form clones as they mature. The oldest clones lie furthest from the teloblast, and are attached to the prostomium (prost). Each column of mesoderm comes to lie under an arched layer of ipsilateral ectoderm -portrayed as transparent -to form a germinal band (grey). As they lengthen, the right and left bands move symmetrically over the surface of the embryo (arrows). (B) During embryonic stage 8, the right and left germinal bands meet and fuse along the ventral midline (dashed line) to form the germinal plate. The anterior end of the plate is the unsegmented prostomium. The firstborn m blast cells contribute mesoderm to the anteriormost segments.
show mesodermal expression (Wada et al., 1997; Mazet et al., 2003) . Unlike their arthropod homologues, the chordate Pax III genes have not been implicated in the process of body axis segmentation.
We here report the identification of two lophotrochozoan Pax III genes, and describe the developmental expression and function of one gene in detail. Hau-Pax3/7A is an early molecular marker of the mesentoblast-derived mesoderm of the leech embryo, showing intense zygotic expression in the blast cells produced by the M teloblasts. Morpholino knockdown experiments indicate that Hau-Pax3/7A plays important roles in segmental morphogenesis, the development of the nephridia, and body cavity formation.
Materials and methods

Animals
Embryos were taken from a laboratory breeding colony of Helobdella leeches collected in Austin, Texas. These leeches were originally described as Helobdella robusta on the basis of morphology (Seaver and Shankland, 2000) , but molecular phylogenetic analysis (Bely and Weisblat, 2006) reveals that they are a distinct and as yet unnamed species, here referred to as Helobdella sp. (Austin).
Postembryonic leeches were maintained in 1% artificial seawater, and fed thrice weekly on pond snails collected at U. Texas Brackenridge Field Laboratory. Embryos were raised at 24°C in a defined saline, and staged according to the Stent et al. (1992) system for Helobdella triserialis.
Molecular characterization
Hau-Pax3/7A and -Pax3/7B were initially isolated from leech embryo cDNA by the polymerase chain reaction (PCR) using degenerate primers. HauPax3/7A was amplified with primers targeted to conserved amino acid sequences in the paired domain (KIVEMA) and homeodomain (YPDIYT). Hau-Pax3/7B was isolated with primers targeted to two other conserved sequences in the paired domain (VSHGCV and QETGSI). Primer sequences are available on request.
The FirstChoice RLM-RACE kit (Ambion) was employed to extend these sequences in the 5′ and 3′ directions using gene-specific primers. For HauPax3/7A, overlapping 5′-and 3′-RACE products were ligated at an XhoI site (Nt 908-913) to generate a full-length cDNA.
The phylogenetic relationships of Hau-Pax3/7A and -Pax3/7B were examined with PAUP (4.0b10).
Reverse transcription PCR (RT-PCR)
Accumulation of Hau-Pax3/7A RNA was investigated by RT-PCR. Embryonic RNA was extracted with the RNAqueous kit (Ambion), and reverse-transcribed with random primers. For each developmental stage, two separate regions of the Hau-Pax3/7A transcript (Nt 373-611 and Nt 1300-1533) were amplified using gene-specific primers. An 18S rRNA sequence was amplified in parallel as a loading control (QuantumRNA, Ambion).
In situ hybridization
The cellular distribution of RNA was characterized by the whole-mount in situ hybridization method of Nardelli-Haefliger and Shankland (1992) with digoxigenin-labeled sense and antisense riboprobes generated from the complete Hau-Pax3/7A cDNA. Hybridization was visualized by alkaline phosphatase immunostaining using the NBT and BCIP substrates. Stained embryos were either cleared in glycerol, or dehydrated and cleared in a 3:2 mixture of benzyl benzoate:benzyl alcohol. Some specimens were embedded in POLYBed 812 plastic (Polysciences) and handcut by razor blade into 0.1-mm sections. Specimens were imaged with a Diagnostic Instruments Spot CCD camera.
Morpholino injections
Carboxyfluorescein-tagged morpholino oligomers (MOs) were synthesized by Gene Tools, LLC. The antisense sequence MO1 (CATTTCTAA-GAATTTGCTTGTTCAT) is complementary to the first 25 nucleotides of the Hau-Pax3/7A coding sequence; antisense sequence MO2 (CAT-GATGGTGTTTTCCAACGAGTAT) is complementary to the last 22 nucleotides of 5′-UTR and the predicted initiation codon. Both antisense MOs show < 60% complementarity to the Hau-Pax3/7B transcript, and should not effect its expression. Control MOs employed here include the manufacturer's 'standard' control sequence and a 'mismatch' control derived from the MO2 sequence: CATCATCGTGTTTTGCAACCACTAT (mismatched bases underlined).
Zygotes and blastomeres were microinjected with a 2:1 mixture of 1.0 mM MO to 4% fast green FCF, with the fast green being used to monitor injection volume. For each target cell we identified a volume of manufacturer's control MO that did not perturb development, and used comparable volumes of MO1, MO2, and the mismatch control. The intracellular MO concentration used in these experiments was calculated to be roughly 1 μM.
Lineage tracing
To trace individual cell lineages, identified blastomeres were microinjected with 10 kDa tetramethylrhodamine or biotin dextran-amine (Molecular Probes). Biotin-labeled embryos were permeabilized, blocked with 10% normal goat serum, and stained with an avidin/horseradish peroxidase complex (ABC Kit; Vector) using diaminobenzidine as substrate. Labeled embryos were examined on a Nikon E800 fluorescence microscope, and some optically sectioned with a Zeiss LSM5 Pascal confocal microscope.
Results
Molecular characterization
Two novel Pax III gene products were isolated from cDNA of Helobdella sp. (Austin) by degenerate PCR, and designated as Hau-Pax3/7A and -Pax3/7B. Comparison with the whole genome sequence project of the closely related species H. robusta (NCBI) indicates that these sequences derive from separate genes. The present paper characterizes Hau-Pax3/7A; the second gene will be described in detail in a later publication.
A 1906 bp Hau-Pax3/7A cDNA was constructed from overlapping 5′-and 3′-RACE products. This sequence has an open-reading frame (ORF) that starts with the first ATG that encodes a 472-amino-acid polypeptide containing both paired domain and homeodomain motifs (Fig. 2) . The majority of known Pax III genes also have a conserved octapeptide sequence between the paired domain and homeodomain (Balczarek et al., 1997) , but there is no obvious counterpart of this octapeptide in the Hau-Pax3/7A gene product. The 3′-UTR contains a polyadenylation signal sequence (Nt 1893-1898) immediately preceding the poly-A tail.
Phylogenetic analysis of both the paired domain and homeodomain indicates that these two leech genes are members of the Pax III subfamily (Fig. 3) . Previous work has suggested that the last common ancestor of bilaterian animals had a single Pax III gene (Balczarek et al., 1997; Matus et al., 2007) , and our findings are generally consistent with that idea. The paired domains of Hau-Pax3/7A and -Pax3/7B show closer affinity to one another (68% of bootstrap replicates) than to a selection of Pax III genes from chordates and arthropods (Fig. 3A) . The two leech genes also show a strong affinity to the Pax III group in terms of homeodomain sequence, but the Hau-Pax3/7B homeodomain is more highly diverged and sorts to a basal position within this group (Fig. 3B) .
The consensus Hau-Pax3/7A cDNA sequence has been deposited under GenBank accession no. DQ858213, and a partial Hau-Pax3/7B sequence has been deposited under GenBank accession no. EF133692.
Developmental time-course
The time-course of Hau-Pax3/7A RNA expression was examined by RT-PCR using primer pairs flanking known splice sites (Fig. 4) . RNA was detected in oocytes and uncleaved zygotes, indicating that Hau-Pax3/7A is initially present in development as a maternal transcript. The level of Hau-Pax3/ 7A RNA remains relatively constant through the first 10 days of embryonic development. We expect that maternal RNA is replaced by zygotic transcripts during this time, but that transition was not readily apparent in the overall profile of RNA accumulation (Fig. 4) . Hence, there is likely to be a developmental interval during which the embryo contains both the maternal and zygotic RNA.
In situ hybridization
The cellular distribution of Hau-Pax3/7A RNA was characterized by in situ hybridization with digoxigenin-labeled antisense riboprobes. Control hybridizations with sense probes gave little or no staining at the stages examined.
Zygote and cleavage stages
Following zygote deposition, the cytoplasm of the Helobdella embryo undergoes reorganization to form two pools of RNA-rich 'teloplasm' situated beneath the animal and vegetal poles (Holton et al., 1994) . Hau-Pax3/7A RNA is primarily localized to the teloplasm, although we detected some hybridization in the perinuclear cytoplasm as well (Fig. 5A ). During the cleavage divisions of early embryogenesis, the teloplasm and its Hau-Pax3/7A transcripts are subdivided among the ten teloblastic stem cells (Figs. 5B, C) . This subdivision appears to be uniform, i.e., we did not observe differences in the intensity of staining between the various teloblasts or their progenitors at any stage. Hau-Pax3/7A RNA is also detected in the micromere cap at stages 5-6 (Fig. 5B) , possibly through an inheritance of the perinuclear transcripts seen at earlier stages.
The level of Hau-Pax3/7A RNA within the teloblasts diminishes during embryonic stage 6, and ceases to be detectable with in situ hybridization by the middle of stage 7 (Figs. 5C-E). There is an onset of intense Hau-Pax3/7A expression in the blast cells of the M teloblast lineage during those stages, indicating that the loss of teloblast staining is not a histological artifact and likely results from RNA degradation.
Teloblast lineages
Starting with blast cell formation, expression of Hau-Pax3/ 7A is almost entirely restricted to the mesodermal descendants of the M teloblast. RNA expression was observed in the primary, undivided m blast cells (Fig. 5C ). In sectioned specimens, it was often possible to observe hybridization in that blast cell produced by the most recent teloblast division (Figs. 5D, E). Given the absence of detectable staining in the parent teloblast, this observation suggests that nascent m blast cells initiate zygotic transcription of Hau-Pax3/7A in the 1.5-h interval before the next m blast cell is born. In contrast, no Hau-Pax3/7A expression was observed at any stage in the blast cell progeny or differentiated descendants of ectodermal teloblasts.
Each of the two M teloblasts produces a column of greater than thirty m blast cell daughters, which enter the posterior end of the ipsilateral germinal band and travel through it to the germinal plate (Fig. 1 ). These blast cell columns express HauPax3/7A as they depart from the right and left teloblasts ( Fig. 5C ), but that expression is transient and the RNA disappears before the m blast clones enter the germinal band (Fig. 6A) .
Hau-Pax3/7A expression resumes at specific positions within the germinal band, corresponding to specific stages of blast cell maturation. The second phase of blast cell expression occurs when the m blast cell clone has traveled 6-8 clonal lengths into the band (Fig. 6A) . The primary blast cell is undergoing its third round of cell divisions at this time, and Hau-Pax3/7A expression is restricted to a subset of cells on the clone's future ventral edge (Figs. 6B, C). The second phase of expression is brief. At a given developmental time point, this particular staining pattern is restricted to a stretch of 1-3 consecutive m blast cell clones (Fig. 6 ), indicating that the RNA accumulates and is then degraded within a 2-to 5-h interval of blast cell maturation.
Organogenesis
The tertiary phase of Hau-Pax3/7A expression in blast cells varies in accordance with the segmental identity of the m blast cell clone. In some segments the pattern of tertiary expression is closely linked to nephridial development. Nephridia are conventionally designated by the segmental location of their excretory pores (Weisblat and Shankland, 1985) , which in Helobdella are located in two midbody domains: segments M2-5 and M8-18 (Fig. 7G ).
As they approach the germinal plate, those m blast cell clones that are destined to produce nephridia begin to express Hau-Pax3/7A in a single large cell, as well as 1-2 smaller cells that are located nearer the ventral midline (Figs. 7A-C). The fate of the small cell(s) is unknown. The large cell appears to be the 'nephridioblast' described by Bürger (1891) , and divides repeatedly during stages 8-9 to produce the nephridial tissue. The developing nephridia express Hau-Pax3/7A throughout the time-course of their differentiation, including the latest stages examined (Figs. 7G, H). Lineage tracer analysis indicates that Hau-Pax3/7A expression is restricted to the mesodermal portion of the nephridium, and does not extend to the ectodermal cells of the distal tubule or nephridiopore (Shankland and Weisblat, 1984) .
Midbody segments M6 and M7 do not develop nephridia (Weisblat and Shankland, 1985) , and we never observed intensely staining nephridioblasts in the m blast cell clones destined for those segments. However, we encountered several embryos with what appeared to be faint, transient expression of Hau-Pax3/7A in an M6 or M7 nephridioblast (Fig. 7B) . One interpretation is that these segments generate a lineal homologue of the nephridioblast, but that cell aborts nephridial development at this early stage. Segments M6 and M7 also contain the small ventral cell(s), whose Hau-Pax3/7A expression level is comparable to that seen in adjacent segments (Fig. 7B) .
We saw a distinct pattern of tertiary Hau-Pax3/7A expression in four more anterior m blast cell clones that do not produce nephridia (Figs. 7A-C). A mature m blast cell clone is distributed across three consecutive segments (Weisblat and Shankland, 1985) , which complicates the naming of clones on the basis of segmental location. This alternative Hau-Pax3/7A expression pattern was observed in those m clones whose posterior boundary -the site of any associated nephridioporewill come to lie in rostral segments R2-4 and midbody segment M1 of the mature body plan. These particular clones express Hau-Pax3/7A as they enter the germinal plate (Fig. 7A) , and as development proceeds the expressing cells form obliquely oriented bars that converge on the ventral midline (Fig. 7C) . The bar-shaped structures shift posteriorly during later stage 8 (Fig.  7C) , and are eventually displaced 4-5 segments from their segments of origin. They cease to express Hau-Pax3/7A during stage 9, a time when we could not yet assign a definitive fate. Lineage tracing indicates that the bars are composed of mesodermal cells lying immediately adjacent to the midgut primordium (Figs. 7D, E), suggesting that this cell population may become part of the anterior midgut (Nardelli-Haefliger and Shankland, 1993).
We did not observe a tertiary phase of Hau-Pax3/7A expression in the ten most posterior segments (M19-C7) of the Helobdella germinal plate. These segments fail to produce nephridia.
Prostomium
Although Hau-Pax3/7A expression is restricted to the mesodermal M lineage in the segmented portion of the body, in a subset of embryos we also observed 1-2 Hau-Pax3/7A-expressing cells in the ectoderm of the prostomium, an unsegmented head domain at the anterior end of the germinal plate (Fig. 1 ). This staining pattern was only seen around the stage 7 to stage 8 transition, and was located asymmetrically in the right anterior prostomial quadrant (Fig. 7F ) in all 10 embryos in which it was observed. Lineage tracer injections revealed that the expressing cells do not derive from the M teloblast, and are therefore likely to originate from one of the embryonic micromeres (Smith and Weisblat, 1994) .
Morpholino injections
To ascertain the developmental function of Hau-Pax3/7A, we injected both zygotes and later stage embryos with antisense MOs directed to its translation start site. MO1 and MO2 gave similar developmental phenotypes, but MO2 generally had a stronger effect and was used for the majority of experiments. Antisense injections were performed in parallel with injections of either the manufacturer's standard control or a custom mismatch control sequence (see Materials and methods). Both control MOs had little or no effect on development, and the results obtained with the two controls have been summed. Antisense MOs can act by chance hybridization to knockdown the expression of other, untargeted gene products that would not hybridize with control MOs. To control for this possibility we injected MO1 and MO2 into ectodermal teloblasts, whose descendants do not express Hau-Pax3/7A (see above). Neither antisense morpholino had any effect on the highly stereotyped patterns of ectodermal morphogenesis (Fig.  8) , suggesting that they do not disrupt the expression of other, untargeted gene products that are essential for normal teloblast development.
Zygote and mesentoblast injections
There were clearcut differences in the development of zygotes injected with antisense and control MOs. Some injected zygotes either failed to cleave or underwent abnormal cleavage soon after injection, but such abnormalities were observed with both antisense (21%) and control (12%) sequences and not studied further. Among those zygotes that underwent normal cleavage, 87% (39/45) of the MO2-injected embryos developed gross abnormalities during stage 8 and died without hatching from the vitelline envelope. Consistent defects included a delay in formation of the dorsal body cavities and morphological collapse of the midgut primordium (see below). Zygotes injected with either control MO never showed these defects, with 92% (109/118) hatching at stage 9 and developing normally for 2-4 days thereafter.
Given that later Hau-Pax3/7A expression is primarily in the mesoderm, we compared the effect of injecting antisense MOs into mesodermal progenitor DM″. The fluorescein-tagged MOs remain sequestered in the injected cell lineage, suggesting that they cannot have a direct effect on gene expression in other lineages. When cell DM″ was injected with MO2, 98% (134/ 137) of embryos developed a suite of morphological abnormalities indistinguishable from that seen with zygote injections (Figs. 9C and 10C, D) . In contrast, development was normal expression is restricted to differentiating nephridia. By stage 10 (H), each nephridium has differentiated into a coiled tubule that projects ventrally (arrows) towards the nephridiopore. Scale bars: 100 μm in panels A-C, G; 50 μm in panels F, H; 10 μm in panels D-E. (Figs. 9B and 10A , B) in all embryos (n = 83) in which cell DM″ was injected with either of the control MOs. This result suggests that Hau-Pax3/7A plays an important role in mesoderm development, and argues that the phenotypes produced by MO2 injection of zygotes are due in large part to Hau-Pax3/7A knockdown in the mesoderm. In keeping with this idea, when MO2 was injected into cell DNOPQ‴ -progenitor of the ten ectodermal teloblasts -most embryos (88%, 46/52) hatched and developed normally for 2-4 days thereafter.
Injection of MO2 into either the zygote or cell DM″ yielded a reproducible phenotype. The injected embryos developed normally for 4-5 days, during which time the teloblasts divided to produce blast cells and the blast cells assembled into germinal bands. The contour of the germinal bands was sometimes irregular, but they always began to fuse to form a germinal plate. In normal development, an extraembryonic membrane -the provisional integument -separates from the underlying midgut primordium on either side of the germinal plate to produce a bilateral pair of fluid-filled dorsal cavities (Figs. 9A, B) , which are distinct from the coelomic cavities inside the germinal plate (Nardelli-Haefliger and Shankland, 1993) . This separation was delayed by 1 day in MO2-injected embryos (Fig. 9C) , and when the cavities did form they rapidly overinflated to produce large concave indentations in the midgut primordium (Fig. 10C) . The shrinking midgut pulled free from the germinal plate in nearly all cases, eventually collapsing upon the remnants of the teloblasts (Fig. 10D) . Embryos that experience midgut collapse die without hatching.
A minority of MO2-injected embryos (13%; 28/213) formed a third, anomalous fluid-filled cavity beneath the anterior end of the germinal plate. This additional cavity fused with the dorsal body cavities prior to midgut collapse.
M teloblast injections
Simultaneous injection of MO2 into the right and left M teloblasts yielded a phenotype indistinguishable from that produced by injections of the parent blastomere DM″. However, injection of a single M teloblast yielded a less severe phenotype: 95% (355/372) of those embryos hatched; and many developed for 2-4 days thereafter. The prolonged survival of these unilaterally injected embryos permitted us to (Shankland and Weisblat, 1984) . Panel B shows the distribution of rhodamine lineage tracer, and panel C the distribution of fluorescein tagged-MO2. The anteriormost MO2-containing clone is labeled faintly. Blast cell clones which received MO2 (below arrowhead) show the same pattern of morphogenesis as blast cell clones which did not (above arrowhead). Scale bar: 50 μm. study the effects of Hau-Pax3/7A knockdown on later stages of embryonic development.
Injection of MO2 into a single M teloblast affected the development of the dorsal body cavities, but the phenotype was clearly distinct from that seen with bilateral knockdown. Cavity formation was only delayed on the injected side (Fig. 9D) , and the retarded cavity failed to reach its normal size while the contralateral cavity underwent excessive inflation (Fig. 10E) . This asymmetry caused the germinal plate to curve sharply towards the injected side (Fig. 10F ), but in contrast to bilateral injections the overinflated cavity did not indent the midgut primordium nor did the primordium lose its normal attachment to the germinal plate. After hatching, the curved embryos produced by unilateral Pax3/7A knockdown underwent relatively normal dorsal closure.
MO2 only produced asymmetric inflation of the dorsal body cavities if the M teloblast was injected early in its sequence of stem cell divisions. Relying on the 1:1 relationship of primary m blast cells to mature segments, we used the fluorescein-tagged MO as a lineage tracer to retroactively calculate the number of unlabeled blast cells that had been produced prior to teloblast injection. MO2 injection resulted in severely asymmetric body cavities in 95% (198/208) of embryos in which MO2 was injected after the M teloblast had produced 0-7 blast cells. In contrast, MO2 only produced a weak asymmetry when the teloblast was injected after producing 9-10 blast cells (8/9 embryos), and had no discernable effect on symmetry when the teloblast was injected after producing 12-30 blast cells (n = 132 embryos).
The only mesoderm located at the site of dorsal cavity formation is a population of migratory mesenchymal cells situated between the provisional integument and the midgut primordium (Nelson and Weisblat, 1992) . These cells do not express Hau-Pax3/7A during normal development. Nonetheless, we considered the possibility that knocking down gene expression in the precursor mesoderm might alter their development and thereby elicit the body cavity phenotype. However, following Hau-Pax3/7A knockdown in the ipsilateral M teloblast, these cells migrate appropriately (Fig. 11B) and differentiate into extraembryonic muscle fibers as in normal development.
On the other hand, Hau-Pax3/7A knockdown has a profound effect on the morphogenesis of the segmental mesoderm within the germinal plate. The germinal bands meet along the ventral midline to form the germinal plate (Fig. 1B) . During normal development optical sectioning reveals that the m blast cell clones adopt a scalloped morphology of concave depressions on their medial surface (Fig. 11A) , where they silhouette lateral bulges of the neuroectodermal N teloblast lineage (Shain et al., 1998) . But when Hau-Pax3/7A is knocked down in the ipsilateral mesoderm, those m blast cell clones that receive the antisense MO adopt highly variable morphologies when they reach this same location (Fig. 11A) . MO-treated clones fail to produce a regular pattern of medial concavities, and some extend abnormal projections into the overlying ectoderm of the germinal plate. These morphological abnormalities were seen on both sides of the germinal plate when antisense MOs were introduced 
arrowheads). (E, F). Embryo in which the left M teloblast was injected with
Hau-Pax3/7A antisense MO. The midgut primordium has developed its normal diamond-shaped profile, but is displaced to the side of injection. Hoechst fluorescence (F) shows that the germinal plate also curves towards injected side. Scale bar: 100 μm.
bilaterally, and were never observed following injection of control MOs.
The variable morphogenetic behavior of the m blast cell clones that receive MO2 disrupts the segmental organization of the germinal plate. Nonetheless, the mesoderm differentiates to produce many of its normal derivatives, which are intermingled with irregular clumps of M-derived tissue of uncertain histotype (Fig. 11C) . Both circular and longitudinal muscles form within the body wall mesoderm, although their density is reduced. The antisense-treated mesoderm also contributes its normal descendants to the ventral nerve cord (Weisblat and Shankland, 1985) , even though the neural tissue fails to form segmentally organized ganglia on that side (Fig. 12) .
Development of the nephridia is particularly sensitive to mesodermal knockdown of Hau-Pax3/7A. We could not identify nephridia by morphological criteria alone in antisense-treated specimens, and therefore relied on Hau-Pax3/7A RNA as a molecular marker of nephridial differentiation. We injected MO2 into the left M teloblast of twelve stage 7 embryos, and sacrificed them at stage 10 for in situ hybridization. The Helobdella embryo normally produces 15 nephridia/side, and in situ hybridization revealed an average of 14.2 nephridia on the uninjected side and 6.3 nephridia on the MO2-treated side. Thus, Hau-Pax3/7A knockdown was sufficient to prevent the specification and/or molecular differentiation of nephridia in the majority of segments where that organ would normally form. Those nephridia that did develop from MO2-treated mesoderm were globular cell masses that lacked the normal tubular morphology and failed to extend ventrally towards the site of the excretory pore (Fig. 10D) .
Discussion
Hau-Pax3/7A is one of a pair of Group III Pax genes from the leech Helobdella sp. (Austin), and the first member of this subfamily to be described in the superphylum Lophotrochozoa. Maternal expression of Hau-Pax3/7A is broadly distributed in the teloplasm, a cytoplasmic domain inherited by both mesodermal and ectodermal blastomeres. However, this early expression disappears around the onset of blast cell formation, and is replaced by what appears to be zygotic expression restricted to the blast cells of the mesodermal germ layer. MO knockdown experiments indicate that Hau-Pax3/7A plays critical roles in segmental morphogenesis, nephridial development, and body cavity formation.
Mesoderm differentiation
The newly born blast cells of the leech embryo experience an upsurge in zygotic transcription that has been likened to the midblastula transition of amphibian and fly embryos (Bissen and Weisblat, 1991) . Hau-Pax3/7A is the first identified gene that has been shown to be part of this wave of zygotic expression. The m blast cells express Hau-Pax3/7A RNA within 1.5 h after their birth, and at stages when there is little or no detectable RNA to be inherited from the parent teloblast. However, expression of Hau-Pax3/7A is restricted to only one of the five teloblast lineages and therefore not a general feature of blast cell development per se. Early expression of HauPax3/7B is similarly restricted to the blast cell progeny of the neuroectodermal N teloblast (M. Shankland, unpublished) , suggesting that lineage-specific patterns of zygotic gene expression may play an important role in the developmental diversification of the teloblast lineages.
We examined the function of Hau-Pax3/7A in mesoderm development by injecting zygotes or identified blastomeres with antisense MOs targeted to the translation start site of the mRNA. Antisense MOs targeted to two different parts of the mRNA sequence gave the same developmental phenotypes, whereas parallel injections of two control MOs had little or no effect on development. Our antisense MOs only produced developmental abnormalities when introduced into the mesodermal cell lineages where this gene is normally expressed, suggesting that these particular MO sequences do not disrupt other, untargeted gene products that are involved in the development of multiple cell lineages.
During normal development the m blast cell clone changes shape as it enters the germinal plate, including the formation of a concave medial surface that encircles a lateral bulge in the neuroectoderm ( Fig. 11A ; compare to Shain et al., 1998) . Those m blast cell clones that were subjected to Hau-Pax3/7A knockdown appeared relatively normal until they approached the germinal plate, but there adopted irregular and highly variable morphologies. Most of the antisense-treated clones failed to form a distinct medial concavity, and some made aberrant extensions into the overlying ectodermal cell layer. These morphological defects suggest that the Hau-Pax3/7A transcription factor may govern the expression of gene products involved in cell adhesion between germ layers, or regulators of cytoskeletal organization.
The variable morphogenetic behavior of the antisensetreated m blast cell clones disrupts the segmental periodicity of the germinal plate, a phenomenon that is reflected in later stages by disorganized patterns of segmental organogenesis. For example, antisense-treated mesoderm makes its normal contribution of neurons and muscle fibers to the central nervous system, but the coalescence of neurons into segmentally organized ganglia is severely disrupted on the treated side. A similar but more severe disruption of gangliogenesis is seen following unilateral ablation of the leech mesoderm (Blair, 1982; Torrence et al., 1989) .
Hau-Pax3/7A expression is also critical for the development of one particular organ, the nephridium. In segments that generate nephridia, Hau-Pax3/7A expression occurs initially in the precursor cell or nephridioblast and later in the differentiating nephridial tissues. Mesodermal knockdown of Hau-Pax3/ 7A blocked the formation of nephridia in more than half of the treated segments, and those nephridia that did form in the presence of antisense MOs lacked their normal tubular morphology. Each individual m blast cell clone goes through multiple phases of Hau-Pax3/7A expression, and it may be that one or more of the early phases is required for the specification of the nephridioblast and one or more of the later phases for tubule morphogenesis.
Hau-Pax3/7A is also expressed transiently during the organogenesis of a previously undescribed mesodermal structure in four anterior segments that do not produce nephridia. These obliquely oriented bar-shaped structures lie in close proximity to the midgut primordium, and may be associated with gut development. However, their ultimate fate is unknown, and Hau-Pax3/7A knockdown did not produce any phenotypes that we could readily ascribe to their disruption.
Body cavity formation
The dorsal body cavities of the leech embryo arise during gastrulation when an extraembryonic membrane -the provisional integument -separates from the yolk-filled midgut primordium. These dorsal cavities are distinct from the coelom and lie outside the germinal plate (Nardelli-Haefliger and Shankland, 1993) . During later development they are obliterated by dorsal closure of the body wall.
We have found that mesodermal knockdown of Hau-Pax3/ 7A selectively delays the separation of integument and midgut on the injected side(s), although the cellular basis of this phenomenon is unclear. There is a population of M-derived mesenchyme that migrates over the inner surface of the provisional integument (Nelson and Weisblat, 1992) , and it is possible that these migratory cells help to initiate cavity formation by some unknown mechanism that lies downstream of Hau-Pax3/7A expression. The migratory cells do not themselves express Hau-Pax3/7A, and Hau-Pax3/7A knockdown does not appear to alter their pattern of migration nor their later differentiation into provisional integument muscle fibers. Even so, it is possible that these cells play some role in initiating body cavity formation that is separate from their overt differentiation.
An alternative possibility is that the segmentally organized mesoderm within the germinal plate generates an extracellular signal that promotes the separation of provisional integument and midgut at a distance. Several lines of circumstantial evidence are consistent with this hypothesis. Separation of integument and midgut begins immediately adjacent to the sides of the anterior germinal plate (Fig. 9B) . In addition, one should note that only the anteriormost (i.e., firstborn) m blast cells have reached the germinal plate (cf., Fig. 1 ) at the onset of dorsal cavity formation, and that a delay in separation was only observed if anti-Pax3/7A MO was introduced into the first 7-10 blast cells produced by the M teloblast.
Bilateral knockdown of Hau-Pax3/7A expression in the mesoderm not only delays the formation of the dorsal body cavities, it also results in their overinflation accompanied by a morphological collapse of the midgut primordium. Here again it is not clear how Hau-Pax3/7A expression in the mesoderm influences these events, or why only bilateral knockdown leads to midgut collapse. The principal defect is unlikely to be a reduction in mesoderm:midgut adhesion, since the collapsing midgut undergoes profound shrinkage before it begins to visibly detach from the germinal plate.
Inflation of the blastocoel and brain ventricles in vertebrate embryos is driven by directional ion transport coupled to osmosis (Watson and Barcroft, 2001; Lowery and Sive, 2005) . By analogy, the body cavity overinflation seen here could be an indirect result of disrupted or unregulated transport. This might occur if the Hau-Pax3/7A transcription factor controls the expression of gene products involved in membrane transport, an idea that could explain why this gene has an impact on body cavity formation and is also expressed in the differentiated tissues of an excretory organ.
Maternal expression
The Helobdella embryo receives a large contribution of maternal Hau-Pax3/7A RNA, but the developmental function of the maternal transcripts remains to be determined. MO injection of either DM″ or the two M teloblasts yields phenotypes that are outwardly similar to those obtained with zygote injections. Thus, any role that Hau-Pax3/7A may play outside the mesoderm appears to be obscured in zygote injections by the severe phenotypes deriving from knockdown in the mesoderm. Some of those mesodermal phenotypes may depend upon an abrogation of maternal Hau-Pax3/7A expression, but it is difficult to draw that distinction given that the mesodermal cell lineage also experiences widespread zygotic expression.
In an attempt to circumvent the phenotypes produced by knockdown of Hau-Pax3/7A in the mesoderm, we injected the antisense MO into ectodermal progenitor cell DNOPQ‴. This blastomere inherits a substantial fraction of the Hau-Pax3/7A transcripts present in the zygote's teloplasm (Fig. 5B ), but the antisense MO had no discernable effect on the development of its descendants. This result may indicate that maternal transcripts play no role in ectoderm development, but it is also possible that the maternal Hau-Pax3/7A RNA had already been used for protein synthesis before the stage when antisense MOs were injected.
Evolution of the Pax III subfamily
Hau-Pax3/7A and -Pax3/7B are the first Pax III genes reported from the superphylum Lophotrochozoa, and as such shed new light on the evolutionary history of this subfamily of genes. The Pax III genes play extensive roles in neural patterning and neurogenesis in both deuterostomes and ecysozoans (Mansouri et al., 1996; Wada et al., 1997; Holland et al., 1999; Davis et al., 2005) , which has been taken as evidence that an ancestral Pax III gene was most likely involved in the neural development of early bilaterian animals. Consistent with this view, the leech's Hau-Pax3/7B gene is primarily expressed in the developing blast cells of the neuroectodermal N teloblast lineage (M. Shankland, unpublished) .
In contrast, there is no detectable expression of Hau-Pax3/ 7A in the leech nervous system, and only very limited expression in the prostomial ectoderm. It seems very likely that these two leech Pax III genes arose through duplication of an ancestral gene, and one possibility is that the ancestral gene had dual roles in mesodermal and neural development. Thus, the two paralogs could have subdivided the ancestral functions, with each gene inheriting only those developmental functions associated with a particular germ layer. However, at the present time we cannot rule out an alternative scenario in which the expression of Hau-Pax3/7A was displaced from neuroectoderm to mesoderm following its separation from Hau-Pax3/7B. A Pax III gene has recently been isolated from the polychaete annelid Capitella (E.C. Seaver, personal communication), and its characterization may help to distinguish between these possibilities.
Prior to this study, extensive mesodermal expression of Pax III genes has not been reported outside of chordates. Indeed, the absence of mesodermal expression in urochordate larvae led Kusakube and Kuratani (2005) to propose that broad mesodermal expression of Pax III is a recent acquisition within the chordate radiation. The latter conclusion must be revisited given the phylogenetic analysis of Blair and Hedges (2005) , which indicates that cephalochordates -which, like vertebrates, express their Pax III gene in somitic mesoderm (Holland et al., 1999) -are the basal branch of the chordate radiation. In addition, our present findings show that a Pax III gene is broadly expressed in the developing mesoderm of a lophotrochozoan embryo. These data are consistent with two alternative evolutionary histories. One possibility is that broad mesodermal expression of Pax III genes is a derived trait that evolved independently in the lineages that gave rise to chordates and leeches. But one must also consider a scenario in which the Pax III gene(s) showed broad mesodermal expression in the last common ancestor of the bilaterian superphyla, and that mesodermal expression was independently lost, or greatly reduced, in lineages that gave rise to arthropods and to urochordates. Pax III genes will need to be characterized in a wider diversity of taxa before these alternatives can be resolved with any certainty.
Like many other lophotrochozoans, the leech embryo undergoes spiral cleavage and produces a single blastomerethe mesentoblast -that generates most of the mesoderm in its adult body plan. There is a rich embryological literature on the developmental events that lead to mesentoblast specification, which relies on cell-intrinsic and -extrinsic factors to varying degrees in different taxa (Freeman and Lundelius, 1992; van den Biggelaar et al., 1997) . The activation of the MAP kinase ERK in the mesentoblast and/or its parent blastomere seems to be a critical step in all spiralians examined (Lambert and Nagy, 2003) . ERK activation brings about a precocious expression of Brachyury (Bra) in the mesentoblast lineage of the limpet Patella (Lartillot et al., 2002) , although Bra is expressed in surrounding tissues as well.
In leech, Hau-Pax3/7A is expressed by the m blast cells and is therefore an early marker for essentially the entire mesodermal germ layer. There are no previous reports of Pax III gene expression in spiralians or other lophotrochozoans, so it is not clear how widely this phenomenon is conserved. A few other spiralian genes are also known to be expressed during mesoderm differentiation (Yang and Collier, 1993; Le Gouar et al., 2003) . In particular, Hinman and Degnan (2002) found that the Meox gene (also called 'Mox') is selectively expressed in the mesodermal bands of the trochophore larva in the abalone Haliotis. This observation is intriguing given that Pax3 and Meox proteins of vertebrates physically interact (Stamataki et al., 2001) , and both play important roles in somite development (Mankoo et al., 2003) . Further work will be needed to learn whether these two gene families also interact during the mesoderm differentiation of spiralians such as the leech.
